Introduction
Nager syndrome, also known as Nager acrofacial dysostosis, is a rare disorder with an incidence of w3 per 1,000,000 characterized by pre-axial upper limb anomalies and mandibulofacial dysostosis. 1 Fewer than 100 cases of Nager syndrome have been reported. 2 Infants with Nager syndrome frequently have respiratory and feeding problems that may require gavage feeding or gastrostomy tube placement. The high perinatal mortality rate (approximately 11%) is related to respiratory compromise. 3 However, advances in care now allow many individuals to survive childhood. It is unknown whether these adults have a greater risk of diseases in adulthood. Most cases of Nager syndrome are sporadic, although both autosomal dominant and recessive inheritance are reported. 4, 5 Mutations in SF3B4 (splicing factor 3B, subunit 4) leading to haploinsufficiency are identified in about 60% of affected individuals [6] [7] [8] ; this is consistent with an older report describing a child diagnosed with Nager syndrome with a deletion of chromosomal region 1q12-q21, which contains the SF3B4 gene. 9 SF3B4 encodes spliceosomeassociated protein 49 kD (SAP49), a component of the pre-mRNA spliceosome complex. Xenopus and zebrafish models of SF3B4 mutation demonstrate impaired neural crest differentiation, 10 ,11 which appears to be due to increased apoptosis of neural crest rather than a proliferative defect. 10 In mice embryos, SF3B4 is expressed at a high level in forelimbs, hind limbs, and somites during early stages, consistent with its role in skeletal development. 12 Mutations in the splicing machinery, including the closely related splicing factor SF3B1, are a major cause of human myelodysplasia. 13, 14 However, the risk of malignancy in patients with Nager syndrome is unknown.
Case Study
A 31-year-old female with sporadic Nager syndrome presented with a non-tender left breast lump and nipple inversion. Consistent with this diagnosis, she had micrognathia, midface retrusion, downslanting palpebral fissures, and abnormal ears. She had a prior history of multiple craniofacial surgeries and hearing loss, and a mutation in SF3B4: c.1060dupC (Figure 1 ). This mutation has previously been reported to be associated with Nager syndrome, 6 and results in a frameshift mutation that replaces an arginine with a proline and extends translation by 132 amino acids (p.Arg354Profs*132). There was a family history of postmenopausal breast cancer in 2 maternal great aunts but no other
Clinical Practice Points
Nager acrofacial dysostosis is a rare craniofacial syndrome characterized by facial anomalies (cleft palate, external ear abnormalities, and micrognathia) and limb defects owing to haploinsufficiency of SF3B4 (or SAP49), a protein involved in pre-mRNA splicing.
We describe a 31-year-old female patient with Nager syndrome who presented to our institution with synchronous, bilateral breast cancer. Owing to the proximity of the left axillary lymph nodes with the axillary vein, initial treatment was neoadjuvant endocrine therapy. She received anastrozole and goserelin for 4 28-day cycles followed by bilateral modified radical mastectomies, revealing final pathologic stages of ypT2 N3 M0 (left; 10 of 14 lymph nodes involved) and ypT0 N0 M0 (right; 0 of 13 lymph nodes). Subsequently, she received adjuvant chemotherapy with doxorubicin, cyclophosphamide, and paclitaxel, interrupted briefly by Mediport infection. Following chemotherapy, she was treated with comprehensive chest wall radiation. She is now receiving hormonal therapy with anastrozole and goserelin and is participating in a trial investigating a novel agent. She recovered well from initial therapy and is currently doing well.
Discussion
To the best of our knowledge, this is the first report of cancer in a patient with Nager syndrome. The patient's youth, lack of identifiable risk factors or family history, and the presence of bilateral cancer suggests that Nager syndrome confers an elevated risk. This risk has not been recognized, possibly because there are fewer than 100 cases per year of Nager syndrome, and historically many individuals died in childhood. Analysis of cBioPortal 15 and Cosmic (cancer.sanger.ac. uk) 16 databases revealed that SF3B4 mutations have been discovered in cancers of the bladder, breast, colorectal, and liver. However, this has not been identified as a driver and is infrequent. Interestingly, The Cancer Genome Atlas reports 10 cancers with the same c.1060dupC mutation in our patient as well as 2 other mutations at this site ( Figure 1) ; 9 of these are breast cancers, 2 colorectal, and 1 ovarian. The c.1060dupC mutation causes a frameshift that inactivates SF3B4. There are also 12 cases of frameshift mutations at c.1147 (H383). These observations support the ideas that SF3B4 is a tumor suppressor whose haploinsufficiency can be tumorigenic, and that SF3B4 mutations are rare drivers for cancer growth. The removal of introns from pre-mRNA by the spliceosome is essential for translation into functional proteins. SF3B4 is a subunit of the splicing factor SF3b complex, which is a component of both the U2 snRNP (contributes to the major spliceosome) and the U11/ U12 di-snRNP (contributes to the minor spliceosome).
17 SF3B4
directly binds both the pre-mRNA and the U2 snRNP, suggesting that it plays a role in helping the U2 snRNP bind to the branchpoint sequence of the pre-mRNA. 18, 19 Inactivation of SF3B4 likely disrupts U2 binding to the branchpoint, which prevents efficient splicing. Splicing abnormalities are common in cancer and can occur either by mutation of splicing factors or splice sites. 20, 21 Mutations are reported in 5 0 and 3 0 splice sites and branch sites, as well as exonic and intronic splicing enhancers and silencers. For example, in breast cancer, a mutation in the BRCA1 exonic splicing enhancer results in skipping of exon 18 and production of non-functional BRCA1. 22 An example oncogenic splicing factors is the SR family of RNA-binding proteins that are essential for splicing and are commonly mutated in cancer. 21 When splicing is impaired, it is possible that certain unspliced mRNAs encode proteins that exert dominant negative effects on signaling pathways and promote carcinogenesis. Another explanation for the possible association between Nager syndrome and cancer is that spliceosome mutations prevent cell differentiation. Cancer cells are often thought of as being de-differentiated, and replicative immortality is a hallmark of cancer, providing a possible mechanism of susceptibility to cancer. Given the known role of improper splicing on cancer risk and the unusual presentation of synchronous, bilateral breast cancer in a premenopausal woman, this patient's cancer is likely attributable to the germline mutation in SF3B4.
Looking forward, this case leads to important questions to be addressed. First, how does mutated SF3B4 affect splicing and does it preferentially disrupt splicing and expression of tumor suppressors such as p53 or BRCA1? This could be addressed by employing RNA sequencing in SF3B4-null cells. Second, does Nager syndrome confer an increased risk of chronic diseases such as cancer? Now that care has improved and these individuals commonly survive to adulthood, cohort studies are needed to address this question. Furthermore, animal model experiments could be used to establish causation. For example, the aforementioned mouse model of SF3B4 mutation could be crossed with a mouse breast cancer model to assess whether mutation of SF3B4 confers a greater risk of developing breast cancer.
Conclusion
In conclusion, this study reports a case of Nager syndrome in a young woman with synchronous, bilateral breast cancer with no other cause. These data strongly support the idea that inactivating 
